A stable reproducible optical standard source for measuring multimode optical fiber attenuation is required as recent round robin measurements of such fibers at several international companies and national standards organizations showed significant variation when using a source having only the encircled flux in the near field emerging from it defined. The paper presents and compares the far field modal power distributions for (i) 2 km and 3 km step-index multimode Hard Plastic Cladding Fibers, HPCF, (SI-MMF) with 200 µm silica core diameter, 0.37 numerical aperture (NA) and polymer cladding, (ii) a 10 m silica graded-index multimode fiber (GI-MMF) with 50 µm core diameter and 0.2 NA, and (ii) a near field Encircled Flux Mode Convertor or "modcon". A free space method for measuring the far field using a Lightemitting diode (LED) centered at 850 nm wavelength with 40 nm 10 dB-bandwidth and a charge-coupled device (CCD) camera is compared with a f-theta multi-element lens based far field pattern (FFP) system. Mandrels of different diameter and different numbers of turns of the fiber around them were used to achieve an equilibrium mode distribution (EMD) for the GI-MMF. The paper defines encircled angular flux (EAF) as the fraction of the total optical power radiating from a multimode optical fiber core within a certain solid angle in the far field. The paper calculates the EAF when the solid angle increases from the far field centroid.
INTRODUCTION
Optical communications require an accurate measurement technique for multimode fiber attenuation with a reproducible optical source with an equilibrium mode power distribution similar to that from a very long fiber. Researchers from industry and academia have been investigating the modal power distribution (MPD). University College London, UCL, Synergy Optoelectronics Ltd., Toyota Central R&D Labs., Inc., TE Connectivity and Arden Photonics are defining standards intended to characterize the encircled angular flux in the far field of multimode fiber light sources, in which many of the modes are excited. Most researchers measure Encircled Flux (EF) in the near field using standards set by the International Electrotechnical Commission (IEC) to find the MPDs in GI-MMF [1] [2] [3] . Some researchers are measuring the multimode fiber attenuation caused by core diameter or numerical aperture (NA) mismatch [4] . However, the paper's authors are investigating encircled angular flux (EAF) in the far field as this has an important influence on the loss of the fiber to be measured. The concept of EAF based on FFP measurements was first illustrated in [5] . To measure EAF, the authors propose one F-θ Lens imaging method and three direct imaging methods: (1) integrating sphere, (2) single mode fiber, (3) imaging device [6] . Some researchers measure the EAF of HPCF and POF by the F-θ Lens imaging method [7] . Some measure the fiber loss of a single fiber wrapped around a mandrel [8] . Here, we measure EAF of both silica and polymer fibers by both CCD imaging device and F-θ Lens imaging method. We also compare the EAF of two "modcon" with the same near field EF. 
EXPERIMENT METHOD

Experiment method
The first method is free space divergence onto a Charge Coupled Device (CCD) camera. The CCD without any lens system is placed sufficiently far from the optical source launch multimode fiber facet so as to be in the Fraunhofer diffraction or far field, shown in Fig.1 We use a threaded fiber adapter (Thorlabs SM1FC) control d for 50 µm GI-MMF. For HPCF, we use motorized positioner to control the relative position of CCD against the fiber end and finally get combined images.
Source light distribution
We use a CCD to capture the distribution of the LED output distribution at a distance from the LED to the CCD, d of approximately 2 mm. Two different 850 nm LEDs were used in the experiments. One is an 850 nm LED (Part No. HFE4050-014/FXA) LED1 controlled by a current controller (Thorlabs LDC202C) without fiber pigtail. When there is no pigtail, it was not possible to record an image of the source because there is a black housing covering the LED1 chip, shown in Fig.2 . Different pigtail fibers were added to check the shape of optical output. When doing experiments, we usually did not attach the pigtail to the LED1 source. We tried three different fiber pigtails, (1) GI-MMF with 50 µm core and length 1 m, (2) GI-MMF with 62.5 µm core and length 1 m, (3) HPCF with 200 µm core and length 20 m (#3 HPCF of Adamant). The images recorded on the CCD camera for each case are shown in Fig.3 . We labelled each fiber end to either be A or B. When a fiber was on a reel the end first used to wrap around the reel was labelled A so it was overwrapped by the remainder of the fiber. We attached side A of the fibers to the LED. The drive current was set to 23 mA. The exposure time was set so that the CCD was below saturation. The far field becomes larger as the pigtail core diameter increases. We observed spurious vertical lines in Fig.3 (2) (3). These may be due to highly divergent light reflecting from the inside of the cameras threaded tube around its entrance. As the pigtail core diameter increases, these light lines increase and become more similar to the light distribution without pigtail. If we put the maximum output of this LED2 directly close to the CCD, the CCD will saturate even at lowest exposure time. So we only measure the LED2 light distribution at minimum output. The exposure time is set to 89 µs. When changing the exposure time below saturation by an observable amount, the shape of the light distribution does not change noticeably. The LED2 light distribution is shown in Fig.4 . There are also vertical light lines and the shape is not circle, being dark at the left and right sides. When the output power is increased, the vertical light lines become brighter. 
CCD nonlinearity
The CCD linearity was measured using LED1 under the same exposure time. The absolute measured value depends on the fiber connected to the LED, the power meter and the exposure time. The CCD nonlinearity characteristic is shown in Fig.5 . The x-axis is the output power of LED1 and y-axis is the peak value of the image taken by the CCD. 
EXPERIMENTAL EAF CURVES
3.1 EAF curves obtained using free space divergence from the fiber onto a CCD camera Figure 6 : EAF curves obtained using free space divergence and a CCD camera.
Fig .6 shows the EAF for a 50 µm GI-MMF wrapped 30 turns around a 38 mm diameter mandrel by LED2. The figure shows that the EAF due to 30 turns around a 38 mm diameter mandrel are the same whether launched from one end A or the other end B and both higher than the EAF curves obtained using Arden Photonics "modcon"s (1533 and M250471).
There is a slight difference between the two spatial encircled flux conditioners with the 1533 unit giving a slightly higher EAF than the M250471 unit. This may be due to different divergence or numerical aperture produced by the different units although the spatial encircled flux may be the same. Figure 7 : EAF curves obtained using F-θ Lens and a CCD camera. Fig.7 shows the EAF for a 50 µm GI-MMF wrapped 30 turns around a 38 mm diameter mandrel by LED2. The figure shows that the EAF due to 30 turns around a 38 mm diameter mandrel are the same whether launched from one end A or the other end B and both higher than the EAF curves obtained by either Arden Photonics "modcon" Spatial encircled flux launch conditions. There is a slight difference between the two spatial encircled flux conditioners with the 1533 unit giving a slightly higher EAF than the M250471 unit. This may be due to different divergence or numerical aperture produced by the different units although the spatial encircled flux may be the same. Comparing this to the free space divergence method for the same launch and fiber the EAFs by eye look very similar. Fig .8 shows the EAF for 2 km and 3 km of HPCF kindly provided by Adamant, Japan. In the figure it can be seen that when the source is launched from the end labelled A higher EAF curves are obtained than when the source is launched from the end labelled B. It can also be seen that the EAF curves for 3 km of fiber are higher than the EAF curves for 2 km of HPCF fiber. It can be seen that all of the curves with the source launched into the HPCF fiber end labelled A are no longer coincident as they were for the 2 km length and as before they are all higher than all of the curves using the sources launched into the HPCF fiber end labelled B which are also slightly no longer coincident. For each end the highest EAF curve is for 30 turns around a 38 mm mandrel of 50 µm GI-MMF with the LED2 with a 200 µm pigtail launch, the next being the direct launch from the LED1 with the lowest EAF curve being for direct launch from the LED2. (1) the original EAF for 2/3 km HPCF (2) the scaled EAF for 2/3 km HPCF Figure 11 : Comparison of EAF curves obtained using F-θ Lens and a CCD camera for three different EMDs.
EAF curves obtained using F-θ Lens and a CCD camera
In Fig.11 , the EAF curves are compared for the F-θ lens method for the three different methods of obtaining an equilibrium mode distribution, EMD, namely using a 50 µm diameter core silica/silica GI-MMF "modcon", using a 50 µm diameter core silica/silica GI-MMF fiber wrapped 30 times around a 38 mm diameter mandrel, and use of 3 km of 200 µm diameter core HPCF. In Fig.11 (1) , it is clear that the divergence of the GI-MMF is a lot less than that of the HPCF as expected. Simplistically the maximum divergence can be calculated from the NA of each fiber. However, in practice the maximum divergence was observed to be slightly more than that calculated from the fiber NA. For the GI- MMF the maximum value of alpha was about 13° as calculated by an algorithm in the FFP program and for the HPCF the maximum value of alpha was about 26° calculated by the same means. So the EAF curves for the HPCF were scaled by linearly compressing the EAF along the alpha axis so that the part of the EAF curve at 26° moved to 13°. In other words, this was a compression of a factor of about two. However, in detail the two 3 km HPCF curves had different maximum values of alpha and so each was scaled differently by its own maximum value of alpha. The Fig.11 (2) shows the result. It is a remarkable discovery that all of the curves lie so closely on top of each other after this special scaling. Even the A and B launch ends of the 3 km HPCF now lie exactly on top of one another.
Comparison of EAF curves obtained using free space divergence with those using an F-θ Lens
Figure 12: EAF curves compared using free space divergence with the use of an F-θ Lens.
In Fig.12 , the EAF curves are compared for the free space divergence method versus the F-Theta lens method. The LED light passed through the Arden Photonics "modcon" 1533 and "modcon" M250471 to give spatial encircled flux launch conditions for the solid curves. These EAF curves are very similar but the 1533 is slightly higher than the M25071 which may be due to slightly different divergence or numerical aperture despite the spatial encircled flux being the same. The F-θ lens method results in higher EAF curves for the same encircled flux launch conditions and again the 1533 unit gives a slightly higher curve than the M20471 unit. Fig.13 shows that the EAF curves obtained by measurement with the F-θ lens are clearly higher than those obtained using free space divergence using the same launch conditions of 30 turns of 50 µm GI-MMF wrapped around a 38 mm diameter mandrel. As expected the EAF curves do not depend on which end of the fiber the optical source is launched into as the curves for launch into end A are coincident with those for launch into end B in both cases. 
Conclusions:
The EAF curves obtained by measurement with the F-θ lens are higher than those obtained using free space divergence using the same launch conditions so a mask must be made for the standard which permits both types of curve until further research is carried out to bring the curves into closer agreement by a more detailed understanding of the reasons for the difference. The EAF due to 30 turns around a 38 mm diameter mandrel are the same whether launched from one end A or the other end B and both higher than the EAF curves obtained using Arden Photonics "modcon"s (1533 and M250471). The EAF of the two "modcon"s which were designed to give the same EF in the near field are similar. There is a slight difference between the two spatial encircled flux conditioners with the 1533 unit giving a slightly higher EAF than the M250471 unit. This may be due to different divergence or numerical aperture produced by the different units although the spatial encircled flux may be the same.
When the source is launched from the end labelled A for 2 km and 3 km of HPCF higher EAF curves are obtained than when the source is launched from the end labelled B. The EAF curves for 3 km of fiber are higher than the EAF curves for 2 km of HPCF fiber. The EAF of 2 km of HPCF fiber does not depend on choice of source amongst the three sources (1) J1: LED2, (2) 35mA: LED1, drive current 35mA, (3) J1-38(30): LED2 connected with the 50 µm GI-MMF wrapped 30 turns on the 38 mm mandrel. However, for the 2 km of HPCF fiber at each end the highest EAF curve is for the source with 30 turns around a 38 mm mandrel of 50 µm GI-MMF with the LED2 with a 200 µm pigtail launch, the next being the direct launch from the LED1 with the lowest EAF curve being for direct launch from the LED2 although the separation of the EAF curves is still small.
In this paper we propose a new method of scaling the alpha axis by the maximum value of alpha which brings all of the curves very close together. It overcomes the difference between launching into the A or B end of the 3 km HPCF fiber. Moreover, as the curves are so close to each other it offers the possibility of defining a single EAF mask for EMD for any type of optical fiber.
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